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SIMULATION  OF  DEFORMATION  AND 
EVOLUTION  IN  SEMI-CRYSTALLINE  POLYMERS 
S.  Ahii,  D.  Pwks,  ud  A.  Argon 

Depnrtment  of  Meclunickl  Engineering 
MeMechueetU  Institute  of  Technology 
CsmbridgerMA  02130 

Introduction 

We  developed  e  spectrum  of  mechsnically-besed  models  [1,2|  (con¬ 
strained  hybrid  model  and  a  composite  model)  which  can  be  applied 
to  the  study  of  deformation  and  textxire  evolution  in  semi-crystalline 
polymers.  We  applied  these  models  to  predict  the  behavior  and  tex¬ 
ture  at  large  deformations,  and  we  compared  our  predictioru  to  ex¬ 
perimental  da^  The  agreement  with  the  experiments  is  satisfactory. 


The  constitutive  law  for  the  crystalline  domain  (lamella)  is  given 
by  the  following  non-linear  relation  {3|: 


£ 


(4) 


where  -V.  !•  a  microscopic  reference  strain  raU,  r;  b  the  critical  re¬ 
solved  shear  stress  and  g*  is  the  symmetrical  part  of  the  Schmid 
tensor  for  the  slip  system  s.  The  summation  in  (4)  extends  over  all 
active  slip  systems. 


2.2  AmorpKout  phast  htkavior; 

The  amorphous  domain  behavior  can  be  represented  by  the  fol¬ 
lowing  relation 


(5) 


MooELLma 

Our  major  assumptions  are  that  the  elasticity  is  entirely  neglected 
and  the  plasticity  is  incompressible  and  time  dependent.  The  crys¬ 
talline  phase  deforms  by  slip  on  crystallographic  planes  and  directions 
and  the  amorphous  phase  deformation  can  be  modelled  by  an  isotropic 
linear  or  non-linear  viKoua  material. 

The  composite  model  la  baaed  on  the  resolution  of  a  composite 
inclusion  problem.  The  composite  inclusion  (lamella  and  amorphous 
layer)  is  submitted  to  a  strain  rate  O’.  This  local  strain  rate  depends 
on  the  macroscopic  strain  rate  D  (applied  to  the  matrix)  and  on  the 
corutraint  due  to  the  non-extension  of  the  lamella  in  chain  direction. 
The  constrain  implies  the  lack  of  five  independent  systems  in  the  crys¬ 
talline  phase  and  therefore  the  non-applicability  of  the  classical  Taylor 
model  (uniform  deformation)  to  the  crystalline  phase. 

2.1  Crysfol/ine  phase  Ukavior 

Because  of  inextansibility  in  chain  direction,  the  strain  raU  D* 
within  the  crystalline  domain  should  have  a  sero  projection  In  chaii. 
direction: 

(I») 

or 

CD*-C'D*-0  (lb) 

where  -  e,  c< ,  (g) 

<2!  ie  the  deviatoric  part  of  C,  and  c  is  a  crystallographic  vector  In 
chain  direction. 

The  deviatoric  Cauchy  stress  5*  within  the  crystlline  domain  can 
be  decomposed  u  follows: 

+  (3) 


where  S*  and  ^  are  the  deviatoric  Cauchy  stress  and  the  strain  rate 
within  the  amorphous  layer,  respectively.  A  special  case  of  (5)  is  the 
following  non-linear  relation: 

5*  =  p(d;)--‘d^  (6) 

where  n  and  m,  are  material  constanU.  If  m,  is  set  equal  to  I,  then 
the  amorphous  phase  is  simply  assumed  to  be  linear  viscous,  a  crude 
model  of  amorphous  behavior  above  T^. 

Other  models  of  the  amorphous  phase  behavior  |4j  can  also  be 
represented  by  equation  (5). 

2.3  Composite  Bthavior  flamtila  and  omorphous  layer) 

The  composite  inclusion  (fig.  1)  is  made  of  a  lamella  and  an  amor¬ 
phous  layer.  The  crystallographic  axis  e  in  chain  direction  can  either 
be  parallel  to  the  lamella  normal  n  or  not. 

When  e  is  not  parallel  to  n,  then  an  arbitrary  inclusion  average 
strain  rate  component  in  the  direction  can  be  accommodated  by 

the  amorphous  phase  deformation.  If  e,  and  3  are  parallel,  the  inclu¬ 
sion  strain  rate  ^  is  constrained: 

(7) 

Here,  we  assume  the  latter  case  and  we  assume  further  that  ij  and 
t  remain  parallel  with  ongoing  deformation  (clearly  these  are  drastic 
simplifications  and  more  general  models  are  under  development  [3|). 

Each  inclusion  /  (fig.  1)  should  deform  in  a  way  to  preserve  com¬ 
patibility  and  equilibrium  at  its  internal  lamella  amorphous  interface. 
These  conditions  imply  continuity  of  some  stress  and  strain  ra^  com¬ 
ponents;  the  other  components  are  related  by  the  mixture  law: 


5*'*  Is  the  stress  part  producing  the  strain  rate  D*  and  5  is  an  arbi¬ 
trary  crystalline  straas  component  in  tha  constraint  "direction*  (chain 
direction). 


O'  -  /.e* + (1  -  /.)£* 


(8) 


S‘  -/.5‘ +  (!-/.)£• 

»  /.£•  +  (1  -  /.)(£,*•*  +  SC) 

ft  if  th«  volunM  fraction  of  the  mmorphoue  phaee. 

The  mieetns  ttrcee  component  S  ie  ueumed  to  be  equel  to  the 
mfcroecopic  correeponding  itreef  component, 


s  =  {\s-g')ni-ft) 


if  given  bjr  the  conetrained  Hybrid  model  |1|,  by  ueing  locnl  com* 
petibility  end  equilibrium  condition!  et  the  interfece  end  equetioni 
(8),  we  cen  loive  for  JD*  end  D^.  We  cen  then  derive  the  itresfee  from 
the  conititutive  equetione  of  cryateiiine  end  emorphout  phaeee.  The 
mecrofcopk  ftreee  if  obteined  from  en  evereging  confiftency  condi* 


Results 

We  eppiied  the  compoeite  model  to  predict  bchevior  end  texture 
evolution  in  polyehtylene  (70%  cryeteilinity)  in  en  initieliy  ifotropk 
(quui  fpherulitic)  condition.  Figure  2  fhows  the  ftreu  ftrein  curve 
for  tension  in  comperifon  with  G’Sell  end  Jones’s  (5|  dete.  Figure  3 
shows  the  pole  figures  (003)  end  (300)  efter  175%  tension.  We  cen 
see  thet  we  predict  e  fiber  texture  with  c  exis  perellel  to  the  tension 
direction. 

It  is  shown  in  figures  3-3  thet  our  predictions  ere  in  good  egres- 
ment  with  experiments. 

Results  from  en  ideelised  100%  crysteliine  model  (1]  showed  e  siml- 
ler  texture  evolution,  but  equivelent  sherpness  textures  were  obteined 
et  considerebly  smeller  tensile  streins.  This  indicetes  thet  e  primery 
role  of  the  emorphous  meteriel  is  to  provide  edditionel  streining  with¬ 
out  substentiel  effect  on  crystellogrephic  texture. 
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